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Abstract
We calculate the branching ratios and CP-violating asymmetries for B0s → pi0η(′) decays in the
perturbative QCD (pQCD) factorization approach here. We not only calculate the usual factor-
izable contributions, but also evaluate the non-factorizable and annihilation type contributions.
The pQCD predictions for the CP-averaged branching ratios are BR(B0s → pi0η) ≈ 0.86× 10−7
and BR(B0s → pi0η′) ≈ 1.86 × 10−7. The pQCD predictions for the CP-violating asymmetries
are AdirCP (pi
0η) ∼ −4.5%, AdirCP (pi0η′) ∼ −9.1%, AmixCP (pi0η) ∼ −0.2%, and AmixCP (pi0η′) ∼ 27.0%
but with large errors. The above pQCD predictions can be tested in the near future LHC-b
experiments at CERN and the BTeV experiments at Fermilab.
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I. INTRODUCTION
The experimental measurements and theoretical studies of the two body charmless
hadronic B meson decays play an important role in the precision test of the standard
mode (SM) and in searching for the new physics beyond the SM [1]. For these charmless
B meson decays, the dominant theoretical error comes from the large uncertainty in
evaluating the hadronic matrix elements 〈M1M2|Oi|B〉 where M1 and M2 are light final
state mesons. The QCD factorization (QCDF) approach [2] and the perturbative QCD
(pQCD) factorization approach [3, 4] are the popular methods being used to calculate the
hadronic matrix elements.
When the LHC experiment is approaching, the studies about the decays of Bs me-
son draw much more attentions then ever before. At present, some two-body charmless
hadronic Bs meson decays have been calculated, for example, in both the QCDF ap-
proach [5] and/or in the pQCD approach [6]. In this paper, we would like to calculate the
branching ratios and CP asymmetries for Bs → pi0η(′) decays by employing the low energy
effective Hamiltonian [7] and the pQCD factorization approach. Besides the usual factor-
izable contributions, we here are able to evaluate the non-factorizable and the annihilation
contributions to these decays.
Theoretically, the two Bs → pi0η(′) decays have been studied in the naive and gener-
alized factorization approach [8, 9] or in the QCD factorization approach [10]. On the
experimental side, only the poor upper limits for the branching ratios are available now
[11]
BR(B0s → pi0η(′)) < 1.0× 10−3, (1)
Of course, this situation will be improved rapidly when LHCb starts to run at the year
of 2007.
For Bs → pi0η(′) decays, the light final state mesons are moving very fast in the rest
frame of Bs meson. In this case, the short distance hard process dominates the decay
amplitude, while the soft final state interaction is not important for such decays, since
there is not enough time for light mesons to exchange soft gluons. Therefore, it makes the
pQCD reliable in calculating the Bs → pi0η(′) decays. With the Sudakov resummation,
we can include the leading double logarithms for all loop diagrams, in association with
the soft contribution.
This paper is organized as follows. In Sec. II, we calculate analytically the related
Feynman diagrams and present the various decay amplitudes for the studied decay modes.
In Sec. III, we show the numerical results for the CP-averaged branching ratios and
CP asymmetries of Bs → pi0η(′) decays and compare them with the measured values or
the theoretical predictions in QCDF approach. The summary and some discussions are
included in the final section.
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II. PERTURBATIVE CALCULATIONS
For Bs → pi0η(′) decays, the related weak effective Hamiltonian Heff can be written as
[7]
Heff = GF√
2
[
VubV
∗
us (C1(µ)O
u
1 (µ) + C2(µ)O
u
2 (µ))− VtbV ∗ts
10∑
i=3
Ci(µ)Oi(µ)
]
. (2)
The explicit expressions of the operators Oi can be found for example in Refs.[12, 13].
In the pQCD approach, the decay amplitude is conceptually written as the convolution,
A(Bs → M1M2) ∼
∫
d4k1d
4k2d
4k3 Tr [C(t)ΦBs(k1)ΦM1(k2)ΦM2(k3)H(k1, k2, k3, t)] , (3)
where ki’s are momenta of light quarks included in each mesons, and Tr denotes the
trace over Dirac and color indices. C(t) is the Wilson coefficient which results from the
radiative corrections at short distance. The function H(k1, k2, k3, t) describes the four
quark operator and the spectator quark connected by a hard gluon whose q2 is in the
order of Λ¯MBs , and includes the O(
√
Λ¯MBs) hard dynamics. Therefore, this hard part H
can be perturbatively calculated. The function ΦM is the wave function which describes
hadronization of the quark and anti-quark to the mesonM . While the functionH depends
on the processes considered, the wave function ΦM is independent of the specific processes.
Using the wave functions determined from other well measured processes, one can make
quantitative predictions here.
Since the b quark is rather heavy we consider the Bs meson at rest for simplicity. It is
convenient to use light-cone coordinate (p+, p−,pT ) to describe the meson’s momenta,
p± =
1√
2
(p0 ± p3), and pT = (p1, p2). (4)
Using these coordinates the Bs meson and the two final state meson momenta can be
written as
P1 =
MBs√
2
(1, 1, 0T ), P2 =
MBs√
2
(1, 0, 0T ), P3 =
MBs√
2
(0, 1, 0T ), (5)
respectively, here the light meson masses have been neglected. Putting the light (anti-)
quark momenta in Bs, pi
0 and η(′) mesons as k1, k2, and k3, respectively, we can choose
k1 = (x1P
+
1 , 0,k1T ), k2 = (x2P
+
2 , 0,k2T ), k3 = (0, x3P
−
3 ,k3T ). (6)
Then, the integration over k−1 , k
−
2 , and k
+
3 in eq.(3) will lead to
A(Bs → pi0η(′)) ∼
∫
dx1dx2dx3b1db1b2db2b3db3
·Tr [C(t)ΦBs(x1, b1)Φpi0(x2, b2)Φη(′)(x3, b3)H(xi, bi, t)St(xi) e−S(t)] ,(7)
where bi is the conjugate space coordinate of kiT , and t is the largest energy scale in
function H(xi, bi, t). The large double logarithms (ln
2 xi) on the longitudinal direction
3
are summed by the threshold resummation [14], and they lead to St(xi) which smears
the end-point singularities on xi. The last term, e
−S(t), is the Sudakov form factor which
suppresses the soft dynamics effectively [15]. In numerical calculations, we use αs =
4pi/[β1 ln(t
2/Λ
(5)
QCD
2
)] which is the leading order expression with Λ
(5)
QCD = 193MeV, derived
from Λ
(4)
QCD = 250MeV. Here β1 = (33− 2nf)/12, with the appropriate number of active
quarks nf .
Similar to B → ρη(′) and B → piη(′) decays, there are 8 type diagrams contributing to
the Bs → pi0η(′) decays, as illustrated in Figure 1. We first calculate the usual factorizable
diagrams (a) and (b). Operators O1, O2, O3, O4, O9, and O10 are (V −A)(V −A) currents,
the sum of their amplitudes is given as
Feη = 4
√
2piGFCFfpim
4
Bs
∫ 1
0
dx1dx3
∫
∞
0
b1db1b3db3 φBs(x1, b1)
×{[(1 + x3)φAη (x3, b3) + (1− 2x3)rsη(φPη (x3, b3) + φTη (x3, b3))]
·αs(t1e) he(x1, x3, b1, b3) exp[−Sab(t1e)]
+2rsηφ
P
η (x3, b3)αs(t
2
e)he(x3, x1, b3, b1) exp[−Sab(t2e)]
}
, (8)
where rsη = m
ηss¯
0 /mBs ; CF = 4/3 is a color factor.The function he, the scales t
i
e and the
Sudakov factors Sab are displayed in Appendix A. In the above equation, we do not include
the Wilson coefficients of the corresponding operators, which are process dependent. They
will be shown later for different decay channels.
The form factors of Bs to η
(′) decay, FBs→η
(′)
0,1 (0), can thus be extracted from Eq. (8),
that is
FBs→η
(′)
0,1 (q
2 = 0) =
Feη(′)√
2GFfpiM2Bs
. (9)
The operators O5, O6, O7, and O8 have a structure of (V −A)(V +A). In some decay
channels, some of these operators contribute to the decay amplitude in a factorizable way.
Since only the axial-vector part of (V +A) current contribute to the pseudo-scaler meson
production, 〈pi|V − A|B〉〈η|V + A|0〉 = −〈pi|V − A|B〉〈η|V − A|0〉, that is
F P1eη = −Feη . (10)
For the non-factorizable diagrams 1(c) and 1(d), all three meson wave functions are
involved. The integration of b3 can be performed using δ function δ(b3− b2), leaving only
integration of b1 and b2. For the (V −A)(V − A) operators, the result is
Meη =
16√
3
piGFCFm
4
Bs
∫ 1
0
dx1dx2 dx3
∫
∞
0
b1db1b2db2 φBs(x1, b1)
×φApi (x2, b2)x3
[
φAη (x3, b2)− 2rsηφTη (x3, b2)
]
·αs(tf)hf (x1, x2, x3, b1, b2) exp[−Scd(tf )] . (11)
MPeη is for the (S − P )(S + P ) type operators,which are from Fierz transformation for
(V −A)(V + A) operators:
MPeη = −Meη. (12)
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FIG. 1: Diagrams contributing to the B0s → pi0η(′) decays (diagram (a) and (b) contribute to
the Bs → η(′) form factor FB
0
s→η
(′)
0,1 .
For the non-factorizable annihilation diagrams 1(e) and 1(f), again all three wave
functions are involved. Here we have two kinds of contributions. Maη and M
P
aη describe
the contributions from the (V −A)(V −A) and (S−P )(S+P ) type operators, respectively,
Maη = − 16√
3
piGFCFm
4
Bs
∫ 1
0
dx1dx2 dx3
∫
∞
0
b1db1b2db2 φBs(x1, b1)
×{{x3φAη (x3, b2)φApi (x2, b2) + rpiru,dη [x2 (φPpi (x2, b2)− φTpi (x2, b2)) ·(
φPη (x3, b2)− φTη (x3, b2)
)
+ x3
(
φPpi (x2, b2) + φ
T
pi (x2, b2)
) ·(
φPη (x3, b2) + φ
T
η (x3, b2)
)]}
αs(t
1
f)h
1
f (x1, x2, x3, b1, b2) exp[−Sef (t1f )]
−{x2φApi (x3, b2)φAη (x2, b2) + rpiru,dη [((x2 + x3 + 2)φPη (x2, b2) + (x2 − x3)
×φTη (x2, b2)
)
φPpi (x3, b2) +
(
(x2 − x3)φPη (x3, b2) + (x2 + x3 − 2)
φTη (x3, b2)
)
φTpi (x2, b2)
]}
αs(t
2
f)h
2
f (x1, x2, x3, b1, b2) exp[−Sef (t2f )]
}
, (13)
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MPaη =
16√
3
piGFCFm
4
Bs
∫ 1
0
dx1dx2 dx3
∫
∞
0
b1db1b2db2 φBs(x1, b1)
×{{x2φAη (x3, b2)φApi (x2, b2) + rpiru,dη [x3 (φPpi (x2, b2)− φTpi (x2, b2)) ·(
φPη (x3, b2)− φTη (x3, b2)
)
+ x2
(
φPpi (x2, b2) + φ
T
pi (x2, b2)
) ·(
φPη (x3, b2) + φ
T
η (x3, b2)
)]}
αs(t
1
f)h
1
f (x1, x2, x3, b1, b2) exp[−Sef (t1f )]
−{x2φApi (x3, b2)φAη (x2, b2) + rpiru,dη [((x2 + x3 + 2)φPη (x2, b2) + (x3 − x2)
×φTη (x2, b2)
)
φPpi (x3, b2) +
(
(x3 − x2)φPη (x3, b2) + (x2 + x3 − 2)
φTη (x3, b2)
)
φTpi (x2, b2)
]}
αs(t
2
f)h
2
f (x1, x2, x3, b1, b2) exp[−Sef (t2f )]
}
. (14)
where ru,dη = m
ηuu¯,dd¯
0 /mBs .
The factorizable annihilation diagrams 1(g) and 1(h) involve only pi0 and η(′) wave
functions. There are also two kinds of decay amplitudes for these two diagrams. Faη is
for (V −A)(V − A) type operators, F Paη is for (V − A)(V + A) type operators:
F Paη = Faη = 4
√
2piGFCFfBsm
4
Bs
∫ 1
0
dx2 dx3
∫
∞
0
b2db2b3db3
{[
x3φ
A
η (x3, b3)φ
A
pi (x2, b2)
+2rpir
u,d
η ((x3 + 1)φ
P
η (x3, b3) + (x3 − 1)φTη (x3, b3))φPpi (x2, b2)
]
·αs(t3e)ha(x2, x3, b2, b3) exp[−Sgh(t3e)]
− [x2φAη (x3, b3)φApi (x2, b2)
+2rpir
u,d
η φ
P
η (x3, b3)((x2 + 1)φ
P
pi (x2, b2) + (x2 − 1)φTpi (x2, b2))
]
·αs(t4e)ha(x3, x2, b3, b2) exp[−Sgh(t4e)]
}
. (15)
If we exchange the pi and η(′) in Fig. 1, the corresponding expressions of amplitudes
for new diagrams will be similar with those as given in Eqs.(8-15). The expressions of
amplitudes for new diagrams can be obtained by the replacements,
φApi ↔ φAη , φPpi ↔ φPη , φTpi ↔ φTη , rpi ↔ ru,dη . (16)
For example, we find that
Fapi = −Faη(′) , F Papi = −F Paη(′) . (17)
Now we are able to calculate perturbatively the form factors FBs→η
(′)
0 (0) and the decay
amplitudes for the Feynman diagrams after the integration over xi and bi.Since we here
calculated the form factors and amplitudes at the leading order ( one order of αs(t)), the
radiative corrections at the next order would emerge in terms of αs(t) ln(m/t), where m
′s
denote some scales, like mBs , 1/bi, . . ., in the hard part H(t). We select the largest energy
scale among m′s appearing in each diagram as the hard scale t′s for the purpose of at
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least killing the large logarithmic corrections partially,
t1e = at ·max(
√
x3mBs , 1/b1, 1/b3) ,
t2e = at ·max(
√
x1mBs , 1/b1, 1/b3) ,
t3e = at ·max(
√
x3mBs , 1/b2, 1/b3) ,
t4e = at ·max(
√
x2mBs , 1/b2, 1/b3) ,
tf = at ·max(√x1x3mBs,
√
x2x3mBs , 1/b1, 1/b2) ,
t1f = at ·max(
√
x2x3mBs, 1/b1, 1/b2) ,
t2f = at ·max(
√
x1 + x2 + x3 − x1x3 − x2x3mBs ,
√
x2x3mBs , 1/b1, 1/b2) , (18)
where the constant at = 1.0± 0.2 is introduced in order to estimate the scale dependence
of the theoretical predictions for the observables.
In Ref.[12, 13], a brief discussion about the η − η′ mixing and the gluonic component
of the η′ meson have been given. Here we don’t show it again.
Combining the contributions from different diagrams, the total decay amplitude for
B0s → pi0η can be written as
√
6M(pi0η) = Feη
{
ξu
(
C1 +
1
3
C2
)
− ξt
(
−3
2
C7 − 1
2
C8 +
3
2
C9 +
1
2
C10
)}
F2(θp)
+Meη
{
ξuC2 − ξt
(
−3
2
C8 +
3
2
C10
)}
F2(θp) +
(
Maη +Mapi
)
·
{
ξuC2 − ξt3
2
C10
}
F1(θp)− ξt
(
MPaη +M
P
api
)
3
2
C8F1(θp) . (19)
The decay amplitudes for B0s → pi0η′ can be obtained easily from Eqs.(19) by the
following replacements
F1(θp) −→ F ′1(θp) = cos θp +
sin θp√
2
,
F2(θp) −→ F ′2(θp) = cos θp −
√
2 sin θp. (20)
Note that the possible gluonic component of η′ meson has been neglected here.
III. NUMERICAL RESULTS AND DISCUSSIONS
A. Input parameters and wave functions
We use the following input parameters in the numerical calculations
Λ
(f=4)
MS
= 250MeV, fpi = 130MeV, fBs = 230MeV,
m
ηdd¯
0 = 1.4GeV, m
ηss¯
0 = 1.95GeV, fK = 160MeV,
MBs = 5.37GeV, MW = 80.41GeV. (21)
For the CKM matrix elements, here we adopt the Wolfenstein parametrization for the
CKM matrix, and take λ = 0.22, A = 0.853, ρ = 0.20 and η = 0.33 [11].
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For the Bs meson wave function, we adopt the model
φBs(x, b) = NBsx
2(1− x)2exp
[
−M
2
Bs
x2
2ω2bs
− 1
2
(ωbsb)
2
]
, (22)
where ωbs is a free parameter and we take ωbs = 0.50±0.05 GeV in numerical calculations,
and NBs = 63.7 is the normalization factor for ωbs = 0.50.
For the light meson wave function, we neglect the b dependant part, which is not
important in numerical analysis. We use the wave functions of pi meson ( φApi (x), φ
P
pi (x)
and φTpi (x) ) as given in Ref.[16]. For η meson’s wave function, φ
A
ηdd¯
, φPηdd¯ and φ
T
ηdd¯
represent
the axial vector, pseudoscalar and tensor components of the wave function respectively, for
which we utilize the result from the light-cone sum rule [17] including twist-3 contribution.
For the explicit expressions of the wave functions and the values of related quantities, one
can see Eqs.(50) and (51) of Ref.[12].
We assume that the wave function of uu¯ is same as the wave function of dd¯. For the
wave function of the ss¯ components, we also use the same form as dd¯ but with mss¯0 and fy
instead of mdd¯0 and fx, respectively. For fx and fy, we use the values as given in Ref.[18]
where isospin symmetry is assumed for fx and SU(3) breaking effect is included for fy:
fx = fpi, fy =
√
2f 2K − f 2pi . (23)
These values are translated to the values in the two mixing angle method, which is often
used in vacuum saturation approach as:
f8 = 169MeV, f1 = 151MeV,
θ8 = −25.9◦(−18.9◦), θ1 = −7.1◦(−0.1◦), (24)
where the pseudoscalar mixing angle θp is taken as −17◦ (−10◦) [19]. The parameters mi0
(i = ηdd¯(uu¯), ηss¯) are defined as:
m
ηdd¯(uu¯)
0 ≡ mpi0 ≡
m2pi
(mu +md)
, mηss¯0 ≡
2M2K −m2pi
(2ms)
. (25)
We include full expression of twist−3 wave functions for light mesons. The twist−3
wave functions are also adopted from QCD sum rule calculations [20]. We will see later
that this set of parameters will give good results for Bs → pi0η(′) decays.
B. Branching ratios
For Bs → pi0η(′) decays, the decay amplitudes in Eqs. (19) can be rewritten as
M = V ∗ubVusT − V ∗tbVtsP = V ∗ubVusT
[
1 + zei(γ+δ)
]
, (26)
where
z =
∣∣∣∣ V ∗tbVtsV ∗ubVus
∣∣∣∣
∣∣∣∣PT
∣∣∣∣ (27)
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is the ratio of penguin to tree contributions, γ = arg
[
− VtsV ∗tb
VusV
∗
ub
]
is the weak phase (one of
the three CKM angles), and δ is the relative strong phase between penguin (P) and tree
(T) diagrams. In the pQCD approach, it is easy to calculate the ratio z and the strong
phase δ for the decay in study. For Bs → pi0η and pi0η′ decays, we find numerically that
z(pi0η) = 38.3, δ(pi0η) = −94◦, (28)
z(pi0η′) = 5.5, δ(pi0η′) = −20◦. (29)
The main error of the ratio z and the strong phase δ is induced by the uncertainty
of ωbs = 0.50 ± 0.05 GeV. Since the errors induced by the uncertainties of most input
parameters are largely canceled in the ratio, we will use the central values of z and δ in
the following numerical calculations, unless explicitly stated otherwise.
Using the wave functions and the input parameters as specified in previous sections, it
is straightforward to calculate the branching ratios for the four considered decays. The
theoretical predictions in the pQCD approach for the CP-averaged branching ratios of
the decays under consideration are the following
Br( B0s → pi0η) =
[
0.86+0.37
−0.24(ωbs)
+0.33
−0.21(ms)
+1.00
−0.09(at)
]× 10−7, (30)
Br( B0s → pi0η′) =
[
1.86+0.76
−0.51(ωbs)
+0.63
−0.41(ms)
+1.46
−0.21(at)
]× 10−7, (31)
for θp = −17◦, and
Br( B0s → pi0η) =
[
1.18+0.50
−0.33(ωbs)
+0.45
−0.29(ms)
+1.03
−0.12(at)
]× 10−7, (32)
Br( B0s → pi0η′) =
[
1.54+0.63
−0.42(ωbs)
+0.52
−0.34(ms)
+1.19
−0.21(at)
]× 10−7. (33)
for θp = −10◦. The main errors are induced by the uncertainties of at = 1.0 ± 0.2,
ωbs = 0.50± 0.05 GeV and ms = 120± 20 MeV, respectively.
It is easy to see that (a) the errors of the branching ratios induced by varying at in the
range of at = [0.8, 1.2] can be significant for the penguin-dominated Bs → pi0η(′) decays;
and (b) the variations with respect to the central values are large for the case of at = 0.8,
but very small for the case of at = 1.2). This feature agrees with general expectations:
when the scale t become smaller, the reliability of the perturbative calculation of the form
factors in pQCD approach will become weak!
The pQCD predictions of the branching ratios as given in Eqs.(30-33) agree well with
the theoretical predictions in the QCDF approach, for example, as given in Ref. [5]:
Br( B0s → pi0η) =
(
0.75+0.35
−0.30
)× 10−7,
Br( B0s → pi0η′) =
(
1.1+0.24
−0.24
)× 10−7, (34)
where the individual errors as given in Ref. [5] have been added in quadrature.
C. CP-violating asymmetries
Now we turn to study the CP-violating asymmetries for B0s → pi0η(′) decays. For these
neutral decay modes, the effects of B0s − B¯s0 mixing should be considered.
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For B0s meson decays, we know that ∆Γ/∆ms ≪ 1 and ∆Γ/Γ≪ 1. The CP-violating
asymmetry of B0s (B¯
0
s )→ pi0η(′) decay is time dependent and can be defined as
ACP ≡
Γ
(
B0s (∆t)→ fCP
)
− Γ (B0s (∆t)→ fCP )
Γ
(
B0s (∆t)→ fCP
)
+ Γ (B0s (∆t)→ fCP )
= AdirCP cos(∆ms∆t) + A
mix
CP sin(∆ms∆t), (35)
where ∆ms is the mass difference between the two B
0
s mass eigenstates, ∆t = tCP − ttag
is the time difference between the tagged B0s (Bs
0
) and the accompanying Bs
0
(B0s ) with
opposite b flavor decaying to the final CP-eigenstate fCP at the time tCP . The direct and
mixing induced CP-violating asymmetries AdirCP and A
mix
CP can be written as
AdirCP =
|λCP |2 − 1
1 + |λCP |2 , A
mix
CP =
2Im(λCP )
1 + |λCP |2 , (36)
where the CP-violating parameter λCP is
λCP =
V ∗tbVts〈pi0η(′)|Heff |Bs
0〉
VtbV
∗
ts〈pi0η(′)|Heff |B0s〉
= e2iγ
1 + zei(δ−γ)
1 + zei(δ+γ)
. (37)
Here the ratio z and the strong phase δ have been defined previously. In pQCD approach,
since both z and δ are calculable, it is easy to find the numerical values of AdirCP and A
mix
CP
for the considered decay processes.
In Figs. 2, we show the γ−dependence of the direct CP-violating asymmetry AdirCP for
B0s → pi0η (solid curve) and B0s → pi0η′ (dotted curve) decays for θp = −17◦ .
The pQCD predictions for the direct CP-violating asymmetries of B0s → pi0η(′) decays
are
AdirCP (B0s → pi0η) =
[−4.5+1.2
−0.6(γ)
+0.6
−0.4(ωbs)± 0.6(mpi0 )+1.7−1.8(ms)+0.7−0.2(at)
]× 10−2, (38)
AdirCP (B0s → pi0η′) =
[−9.1+2.8
−2.3(γ)
+0.3
−0.6(ωbs)± 0.3(mpi0 )± 1.9(ms)+4.1−1.5(at)
]× 10−2. (39)
As a comparison, we present the QCDF predictions for AdirCP (B0s → pi0η′) directly
quoted from Ref. [5]
AdirCP (B0s → pi0η′) =
(
27.8+6.0 +9.6 +2.0 +24.7
−7.1 −5.7 −2.0 −27.2
)× 10−2, (40)
where the “default values” of the input parameters have been used in Ref. [5], and the error
sources are the same as the first four input parameters in Eqs. (38) and (39). Currently,
no relevant experimental measurements for the CP-violating asymmetries of B0s → pi0η(′)
decays are available. For the direct CP-violating asymmetries of B0s → pi0η(′) decays, the
theoretical predictions in pQCD and QCDF approach have the opposite sign, but the
theoretical errors are clearly too large to make a meaningful comparison. One has to wait
for the improvements in both the experimental measurements and the calculation of high
order contributions.
The pQCD predictions for the mixing induced CP-violating asymmetries of B0s → pi0η(′)
decays are
AmixCP (B0s → pi0η) =
[−0.2 ± 0.1(γ)+2.5
−2.1(ωbs)
+1.2
−1.4(m
pi
0 )
+4.4
−4.5(ms)
+26.3
−11.6(at)
]× 10−2, (41)
AmixCP (B0s → pi0η′) =
[
27.0+4.8
−7.5(γ)
+0.4
−0.7(ωbs)
+0.6
−0.5(m
pi
0 )± 0.2(ms)+17.1−8.3 (at)
]× 10−2, (42)
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FIG. 2: The direct CP asymmetry AdirCP (in percentage) of Bs → pi0η (solid curve) and Bs → pi0η′
(dotted curve) as a function of CKM angle γ for the case of θp = −17◦.
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FIG. 3: The mixing induced CP asymmetry AmixCP (in percentage) of Bs → pi0η (solid curve)
and Bs → pi0η′ (dotted curve) as a function of CKM angle γ for the case of θp = −17◦ .
where the dominant errors come from the variations of ωbs = 0.50 ± 0.05 GeV, mpi0 =
1.4± 0.3 GeV, at = 1.0± 0.2, ms = 120± 20MeV and γ = 60◦ ± 20◦.
If we integrate the time variable t, we will get the total CP asymmetry for B0s → pi0η(′)
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decays,
ACP =
1
1 + x2
AdirCP +
x
1 + x2
AmixCP , (43)
where x = ∆ms/Γ = 26.5 for the B
0
s − Bs
0
mixing [21]. We found numerically that the
magnitude of the total CP asymmetry for (B0s → pi0η(′)) decays are smaller than 2% in
the whole considered parameter space.
D. Effects of possible gluonic component of η′
Up to now, we have not considered the possible contributions to the branching ratios
and CP-violating asymmetries of B0s → piη′ decays induced by the possible gluonic com-
ponent of η′ [19, 22]. When Zη′ 6= 0, a decay amplitude M′ will be produced by the
gluonic component of η′. Such decay amplitude may construct or destruct with the ones
from the qq¯ (q = u, d, s) components of η′, the branching ratios of the decays in question
may be increased or decreased accordingly.
Unfortunately, we currently do not know how to calculate this kind of contributions
reliably. But we can treat it as an theoretical uncertainty. For |M ′/M(qq¯)| ∼ 0.1 − 0.2,
for example, the resulted uncertainty for the branching ratios as given in Eq.(31) will be
around twenty to thirty percent.
Furthermore, the pQCD predictions for the branching ratios of B → ρη(′) and B →
piη(′) decays also show very good agreement with the data [12, 13]. We therefore believe
that the gluonic admixture of η′ should be small, and most possibly not as important as
expected before.
As for the CP-violating asymmetries of B0s → pi0η′ decays, the possible contributions
of the gluonic components of the η′ meson are largely canceled in the ratio. These results
may be measured in the forthcoming LHCb experiments.
IV. SUMMARY
In this paper, we calculate the branching ratios and CP-violating asymmetries of B0s →
pi0η, B0s → pi0η′ decays in the pQCD factorization approach.
Besides the usual factorizable diagrams, the non-factorizable and annihilation diagrams
are also calculated analytically. Although the non-factorizable and annihilation contribu-
tions are sub-leading for the branching ratios of the considered decays, but they are not
negligible. Furthermore these diagrams provide the necessary strong phase required by a
non-zero CP-violating asymmetry for the considered decays.
From our calculations and phenomenological analysis, we found the following results:
• The pQCD predictions for the form factors are FBs→η0,1 (0) = −0.276 and FBs→η
′
0,1 (0) =
0.278, which agree well with those obtained from other methods.
• For the CP-averaged branching ratios of the considered decay modes, the pQCD
predictions for θp = 17
◦ are
Br(B0s → pi0η) =
(
0.86+1.12
−0.33
)× 10−7,
Br(B0s → pi0η′) =
(
1.86+1.76
−0.69
)× 10−7, (44)
12
here the various errors as specified in Eqs. (30) and (31) have been added in quadra-
ture. The pQCD predictions are also well consistent with the results obtained by
employing the QCD factorization approach.
• For the CP-violating asymmetries, the pQCD predictions for AdirCP (Bs → pi0η(′))
and AmixCP (Bs → pi0η(′)) are generally not very large, while the time-integrated CP
asymmetries are less than 2% in magnitude.
• The major theoretical errors of the computed observables are induced by the un-
certainties of the hard energy scale tj’s, the parameters ωbs and ms, as well as the
CKM angle γ for CP asymmetries.
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APPENDIX A: RELATED FUNCTIONS
We show here the function hi’s, coming from the Fourier transformations of H
(0),
he(x1, x3, b1, b3) = K0 (
√
x1x3mBb1) [θ(b1 − b3)K0 (√x3mBb1) I0 (√x3mBb3)
+θ(b3 − b1)K0 (√x3mBb3) I0 (√x3mBb1)]St(x3), (A1)
ha(x2, x3, b2, b3) = K0 (i
√
x2x3mBb3) [θ(b3 − b2)K0 (i√x3mBb3) I0 (i√x3mBb2)
+θ(b2 − b3)K0 (i√x3mBb2) I0 (i√x3mBb3)]St(x3), (A2)
hf(x1, x2, x3, b1, b2) =
{
θ(b2 − b1)I0(MB√x1x3b1)K0(MB√x1x3b2)
+ (b1 ↔ b2)
}
·
(
K0(MBF(1)b1), for F
2
(1) > 0
pii
2
H
(1)
0 (MB
√
|F 2(1)| b1), for F 2(1) < 0
)
, (A3)
h3f(x1, x2, x3, b1, b2) =
{
θ(b1 − b2)K0(i√x2x3b1MB)I0(i√x2x3b2MB) + (b1 ↔ b2)
}
·pii
2
H
(1)
0 (
√
x1 + x2 + x3 − x1x3 − x2x3 b1MB), (A4)
h4f(x1, x2, x3, b1, b2) =
{
θ(b1 − b2)K0(i√x2x3b1MB)I0(i√x2x3b2MB)
+ (b1 ↔ b2)
}
·
(
K0(MBF(2)b1), for F
2
(2) > 0
pii
2
H
(1)
0 (MB
√
|F 2(2)| b1), for F 2(2) < 0
)
, (A5)
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where J0 is the Bessel function and K0, I0 are modified Bessel functions K0(−ix) =
−(pi/2)Y0(x) + i(pi/2)J0(x), and F(j)’s are defined by
F 2(1) = (x1 − x2)x3 , (A6)
F 2(2) = (x1 − x2)x3 . (A7)
The threshold resummation form factor St(xi) is adopted from Ref.[23]
St(x) =
21+2cΓ(3/2 + c)√
piΓ(1 + c)
[x(1 − x)]c, (A8)
where the parameter c = 0.3. This function is normalized to unity.
The Sudakov factors used in the text are defined as
Sab(t) = s
(
x1mB/
√
2, b1
)
+ s
(
x3mB/
√
2, b3
)
+ s
(
(1− x3)mB/
√
2, b3
)
− 1
β1
[
ln
ln(t/Λ)
− ln(b1Λ) + ln
ln(t/Λ)
− ln(b3Λ)
]
, (A9)
Scd(t) = s
(
x1mB/
√
2, b1
)
+ s
(
x2mB/
√
2, b2
)
+ s
(
(1− x2)mB/
√
2, b2
)
+s
(
x3mB/
√
2, b2
)
+ s
(
(1− x3)mB/
√
2, b2
)
− 1
β1
[
2 ln
ln(t/Λ)
− ln(b1Λ) + ln
ln(t/Λ)
− ln(b2Λ)
]
, (A10)
Sef(t) = s
(
x1mB/
√
2, b1
)
+ s
(
x2mB/
√
2, b2
)
+ s
(
(1− x2)mB/
√
2, b2
)
+s
(
x3mB/
√
2, b2
)
+ s
(
(1− x3)mB/
√
2, b2
)
− 1
β1
[
ln
ln(t/Λ)
− ln(b1Λ) + 2 ln
ln(t/Λ)
− ln(b2Λ)
]
, (A11)
Sgh(t) = s
(
x2mB/
√
2, b2
)
+ s
(
x3mB/
√
2, b3
)
+ s
(
(1− x2)mB/
√
2, b2
)
+ s
(
(1− x3)mB/
√
2, b3
)
− 1
β1
[
ln
ln(t/Λ)
− ln(b1Λ) + ln
ln(t/Λ)
− ln(b2Λ)
]
, (A12)
where the function s(q, b) are defined in the Appendix A of Ref.[24].
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